Abstract For cementation of yttrium-stabilized tetragonal zirconium polycrystal (Y-TZP) ceramic frameworks, protocols of surface-conditioning methods and available cements vary, resulting in confusion among clinicians regarding selection and effects of different conditioning methods on cement adhesion. This study evaluated the effect of two silanes (3-trimethoxysilylpropylmethacrylate (MPS) and 3-trimethoxysilylpropylmethacrylate/4-methacryloyloxyethyl trimellitate anhydride methyl methacrylate (MPS/ 4-META) on the adhesion of two resin-based cements (SuperBond and Panavia F 2.0) to Y-TZP ceramic and compared several protocols with those indicated by the manufacturer of each of these cements. Disks of Y-TZP ceramic (LAVA, 3M ESPE) (n = 60) were divided into six experimental groups (n = 10 per group) and treated as follows: (1) silica coating (SC) + MPS silane + SuperBond; (2) SC + MPS/4-META + silane + SuperBond); (3) SC + MPS silane + Panavia F 2.0); (4) SC + MPS/4-META silane + Panavia F 2.0); (5) no conditioning + MPS/4-META silane + SuperBond (SuperBond instructions); and (6) 50-μm Al 2 O 3 conditioning + Panavia F 2.0 (Panavia F 2.0 instructions). The specimens were subjected to shear-bond testing after water storage at 37°C for 3 months in the dark. Data were analyzed by analysis of variance and Tukey's HSD (α = 0.05). After silica coating, the mean bond strength of SuperBond cement was not signifi cantly different between MPS and MPS/4-META silanes (20.2 ± 3.7 and 20.9 ± 1.6 MPa, respectively), but the mean bond strength of Panavia F 2.0 was signifi cantly higher with MPS silane (24.4 ± 5.3 MPa) than with MPS/4-META (12.3 ± 1.4 MPa) (P < 0.001). The SuperBond manufacturer's instructions alone resulted in signifi cantly higher bond strength (9.7 ± 3.1 MPa) than the Panavia F 2.0 manufacturer's instruction (0 MPa) (P < 0.001). When silica coating and silanization were used, both SuperBond and Panavia F 2.0 cements demonstrated higher bond strengths they did when the manufacturers' instructions were followed. With SuperBond, use of MPS or MPS/4-META silane resulted in no signifi cant difference when the ceramic surface was silica coated, but with Panavia F 2.0, use of MPS silane resulted in a signifi cantly higher bond strength than use of MPS/4-META. Use of chairside silica coating and silanization to condition the zirconia surface improved adhesion compared with the manufacturers' cementation protocols for SuperBond and Panavia F 2.0 resin cements.
Introduction
The introduction of yttrium tetragonal zirconia polycrystal (Y-TZP) (hereafter, zirconia)-based ceramics in dentistry have made metal-free fi xed dental prosthesis (FDP) possible for both anterior and posterior restorations.
1,2 Yttrium oxide is added to pure zirconia to stabilize it at room temperature and to generate a multiphase material known as partially stabilized zirconia. This type of ceramic material has high initial strength (2000 N) and fracture toughness (9-10 MPa/m 2 ), almost twice the values obtained with alumina-based materials, and almost three times those demonstrated by lithium disilicate-based ceramics. 1 Tensile stresses acting at the crack tip induce a transformation of the metastable tetragonal zirconium oxide form to a monoclinic form. This transformation is associated with a local increase of 3%-5% in volume. This increase in volume results in localized compressive stresses being generated around and at the tip of the crack, counteracting the external tensile stresses acting on the fracture tip. This physical property is known as transformation toughening, and it gives zirconiabased ceramics physical and mechanical advantages over glassy matrix ceramics. [3] [4] [5] The only problem related to the performance of such ceramics is that adhesion of resin cements to them is inferior compared to adhesion to silica-based ceramics. 6, 7 The zirconia ceramic has a glass-free polycrystal microstructure making it an acid-resistant or non-etchable material. 1, 6 Some manufacturers and researchers have tried to modify the surface properties of zirconia by means of various airborne-particle abrasion methods followed by silanization. [7] [8] [9] [10] [11] This approach has been recently criticized as possibly causing subcritical crack growth within zirconia. 12 Another suggested method is tribochemical silica coating and silanization, which is recommended for the adhesion of resin cements to high-strength ceramics. [7] [8] [9] [10] In this technique, the surfaces are air-abraded with aluminum trioxide particles coated with silica. The blasting pressure results in the embedding of silica-coated alumina particles in the ceramic surface, rendering the silica-modifi ed surface chemically more reactive to the resin when combined with silane coupling agents. Silanes, hybrid organic-inorganic compounds, can function as mediators and promote adhesion between dissimilar inorganic and organic matrices through dual reactivity. 13 Silane molecules react with water to form silanol groups (-Si-OH) from their methoxy groups (-Si-O-CH 3 ). The silanol groups then react further with the silica surface to form a siloxane (-Si-O-Si-O-) network. Monomeric ends of the silane molecules react with the methacrylate groups of the adhesive resins by a free radical polymerization process. According to the latest theories, a hydrophobic and branched polysiloxane fi lm that may also contain free hydrogen-bonded oligomers, is formed. 14 The most commonly applied silane in dental laboratories and chairside is a monofunctional γ-methacryloxypropyltrimethoxysilane or 3-trimethoxysilylpropylmethacrylate (MPS). MPS is used to optimize and promote adhesion through chemical and physical coupling between metal-, ceramic-, and composite resin. Any composite resin material that contains methacrylate groups in its composition can be used in conjunction with MPS silanes. 15 Another type of silane coupling agent, MPS/4-META, also contains a diffusion promoting monomer, 4-methacryloyloxyethyl trimellitate anhydride (4-META).
For ceramics exhibiting similar surface compositions and chemical states of silicon and oxygen, such as is attained by the embedding of silica, then it is reasonable to hypothesize that a siloxane bond will be achieved, because the embedded silica provides binding sites for the coupling agent to the ceramic surface. While there is still no consensus in the dental literature as to which surface conditioning method is most suitable for improved adhesion of resin cement to zirconia ceramics, [7] [8] [9] [10] [11] manufacturers of some cements do not suggest any additional surface conditioning to such ceramics.
Potential cements for use with zirconia are based on bisphenol glycydil methacrylate (bis-GMA), 4-META (with methyl methacrylate, 4-META/MMA), or 10-methacryloxydecyldihydrogen phosphate (MDP) monomers. One of the most frequently used dual polymerized, fi lled adhesive resin cements in dentistry is Panavia F 2.0 (Kuraray Medical, Osaka, Japan). According to the manufacturer, it contains the bifunctional adhesive monomer MDP. Another adhesive system is 5% 4-META dissolved in methyl methacrylate (MMA) (SuperBond, Sun Medical, Moriyama, Japan). According to the manufacturer, polymerization of SuperBond is initiated by stabilized tri-n-butylborane (TBB) in the presence of poly(methyl methacrylate) (PMMA) powder. Favorable results have been reported when silica coating is used in conjunction with bis-GMA-based resin cements, 11 but to our knowledge, this conditioning system has not been tested with any 4-META-based cement.
The dilemma for clinicians remains whether to follow the manufacturers' instructions for resin cements during cementation of FDPs made of zirconia or to modify the instructions and use different surface conditioning protocols, as suggested by some other manufacturers. Adhesion of the resin cement to zirconia could be less important for FDPs that rely on mechanical retention, 16 but for less-retentive FDPs, adhesion of resin cements is important for clinical success. [17] [18] [19] This study therefore evaluated the effect of surface conditioning, consisting of silica coating followed by MPS or MPS/4-META silane application, on the adhesion of two resin-based cements to zirconia ceramic in comparison with the conditioning protocols recommended by the manufacturer of each cement. The tested hypotheses were (1) that the silica coating together with the application of silane would result in higher bond strength than the manufacturer-recommended procedures for the evaluated resin cements and (2) that both types of silanes would yield similar results.
Materials and methods

Specimen preparation
Disc-shaped (diameter, 15 mm; thickness, 2 mm) zirconia ceramics (LAVA, 3M ESPE, Seefeld, Germany) were embedded in polyethylene molds using PMMA (Condular, Wager, Switzerland) with one side of the disc left exposed for cement adhesion (Fig. 1 ). Specimens were polished with 1200 grit silicone carbide abrasive with water cooling (Struers Rotopol 11, Struers, Rodovre, Denmark) and ultrasonically cleaned in distilled water for 3 min. Subsequently, 60 discs were randomly divided into six groups according to the cement and silane type to be applied (n = 10 per group).
Two types of resin cements were selected: a dual-polymerized (Panavia F 2.0) and a chemically polymerized cement (SuperBond). Table 1 summarizes the experimental groups, surface conditioning methods, and the procedures specifi ed by each manufacturer for the resin cements tested, and Table 2 shows the brand names, compositions, batch numbers, and manufacturers of the silane coupling agents and resin cements. Yttrium-stabilized tetragonal zirconium polycrystal disc specimen embedded in poly(methyl methacrylic) with the cementation surface exposed. Cement was applied incrementally, not exceeding 2 mm in thickness, to the ceramic surface in a polyethylene mold (inner diameter, 3.6 mm; height, 5 mm) and subsequently polymerized Chairside silica coating with 30-μm alumina particles coated with silica (CoJet-Sand, 3M ESPE) using an intraoral air-abrasion device (Micro-Etcher, Danville, San Ramon, USA), holding the nozzle perpendicular to the surface from a distance of approximately 10 mm for 13 s at a pressure of 2.3 bar. Excess sand was gently blown away with air b Chairside air-particle abrasion with 50-μm alumina particles (Korox, Bego, Bremen, Germany) using the Micro-Etcher intraoral air-abrasion device, holding the nozzle perpendicular to the surface from a distance of approximately 10 mm for 13 s at a pressure of 2.3 bar. Excess sand was gently blown away with air c MPS is a one-bottle (ESPE-Sil) and MPS/4-META is a two-bottle silane system (Porcelain Liner M) mixed in a 1 : 1 ratio. See Table 2 for the compositions of each. The silane solutions were applied to the ceramic substrate in a thin layer. A new brush was used for each application and they were allowed to react for 15 min at room temperature. The manufacturer of Porcelain Liner M recommends applying heat to the silanized surfaces for improving the bond strength. Heat was applied with a small hair dryer to each specimen silanized with MPS/4-META for 2 min d Manufacturer's instructions: Apply MPS/4-META coupling agent only e Manufacturer's instructions: Apply air-particle abrasion only Both resin cements were mixed and applied in a standardized manner by the same operator using translucent polyethylene molds (inner diameter, 3.6 mm; height, 5 mm) attached to the specimen. Each resin cement was mixed according to the manufacturer's instructions and packed into the mold incrementally using a hand instrument. Panavia F 2.0 was photopolymerized with a halogen light polymerization unit (Demetron LC
then gently removed, and a polyethylene glycol/glycerin oxygen inhibition gel (Oxyguard II, Kuraray) was applied around the margins of the cement-ceramic interface of the specimens to which Panavia F 2.0 had been applied. These specimens were then further photopolymerized for 40 s. After 3 min, the oxygen inhibition gel was rinsed off thoroughly. All specimens were kept in distilled water at 37°C for 3 months in the dark prior to testing.
The specimens were mounted in the jig of the universal testing machine (Zwick ROELL Z2.5 MA 18-1-3/7, Ulm, Germany) and shear loading was applied to the adhesive interface until failure occurred (cross-head speed, 1.0 mm/ min). The maximum force required to produce failure was recorded (MPa) using the provided software.
After debonding, the failure sites were examined by two calibrated operators (M.Ö., C.C.) both visually and in digital photographs using a software program (CorelDRAW 9.0, Corel, Ottawa, Canada). Failure was scored as cohesive (three grades) or adhesive (one grade) as follows: 1, cohesive failure of the cement over <1/3 of the ceramic surface; 2, cohesive failure of the cement over >1/3 of the ceramic surface; 3, cohesive failure of the ceramic surface; 4, adhesive failure at the interface with no resin left on the substrate.
Statistical analysis
Statistical analysis was performed with SAS statistical software (SAS for Windows, release 8.02/200; Cary, NC, USA). The results of uniformity and normality tests indicated that the residual values were normally distributed when plotted against predicted values and thus did not violate the analysis of variance (ANOVA) assumptions. The bond strength data for all groups were analyzed by one-way ANOVA, considering each group as one adhesion protocol. Owing to the signifi cant difference among the groups (P < 0.001), multiple comparisons were made using Tukey's HSD adjustment test. To study the effect of silane and cement type, two-way ANOVA and Tukey's HSD test were used for groups 1-4 with mean bond strength being the dependent variable. P values less than 0.05 were considered to be statistically signifi cant in all tests.
Results
When the ceramic surfaces were silica coated and SuperBond cement was used, mean bond strength was not significantly different between MPS and MPS/4-META silanes (groups 1 and 2, mean ± SD, 20.2 ± 3.7 and 20.9 ± 1.6 MPa, respectively). However, when Panavia F 2.0 cement was used, mean bond strength was signifi cantly higher with MPS silane (group 3, 24.4 ± 5.3 MPa) than with MPS/4-META silane (group 4, 12.3 ± 1.4 MPa) (P < 0.001; ANOVA, Tukey's test) (Fig. 2) .
When silica coating and silanization were employed, both Panavia F 2.0 and SuperBond cements demonstrated higher bond strengths results than when they were not. When the manufacturer's instructions were followed for each cement, the mean bond strength with SuperBond cement (group 5, 9.73 ± 1 MPa) was signifi cantly higher than that with Panavia F 2.0 (group 6, 0 MPa) (P < 0.001). As Table 1 for group defi nitions described in the Methods, Panavia F 2.0 was applied to the ceramic surface by using a transparent polyethylene mold and then polymerized, but when the mold was removed, the cement came off with the mold. Thus, Panavia F 2.0 was not able to bond to the ceramic surface at all, and no bond strength value could be measured.
In groups 5 and 6, failure was exclusively adhesive (100%) (score 4). Failure in groups 1-4 was cohesive, with 70%, 70%, 70%, 60%, respectively, of specimens receiving a failure score of 2 and the remaining specimens in each group receiving a score of 1.
Discussion
It has been previously demonstrated that the bond strength of resin-based materials bonded to acid-resistant ceramics, especially to zirconia, is neither durable nor stable, presenting a challenge to clinicians, especially when bonding nonretentive zirconia FDPs. 20, 21 In this study, when silica coating and silanization were employed for surface conditioning, both 4-META/MMA-TBB-and MDP-based cements demonstrated higher bond strengths than they did when the manufacturers' instructions were followed. Therefore, our fi rst hypothesis was confi rmed. The silica coating in this study was applied with a chairside air abrasion device. Airparticle abrasion seems to be a prerequisite for achieving the improved bond strength between the studied resins and high-strength ceramics that are reinforced with either alumina or zirconia. 7 Air abrasion of the surface generates hydroxyl groups on the surface and enhances micromechanical retention. Furthermore, the methoxy groups of silane react with water to form silanol groups, which in turn react with the surface hydroxyl groups to form a siloxane network. In principle, the presence of a ceramic glassy phase favors formation of siloxane bonds, because the silanol groups to react with the silica to form a siloxane (-Si-O-Si-O-) network on the surface. Since no silica phase exists in zirconia ceramics, the silica coating on the ceramic surface presumably provides a substrate for reaction with the silane, thus enhancing the adhesion of the silane layer and thereby the adhesion of the luting cements.
When applied following silica coating, MPS silane performed better with Panavia F 2.0 than the MPS/4-META silane; hence, our second hypothesis is not accepted. This different performance can be explained if MPS silane improved the wettability and surface energy properties. However, interestingly, there were no signifi cant differences between MPS and MPS/4-META silanes with SuperBond cement when the ceramic surfaces were silica coated. This result may be due to the better compatibility of 4-META/ MMA-TBB with the methacrylate groups of the two silanes tested. Further chemical analysis is in progress in our laboratories. The adhesion of the resins to the ceramic substrates seems to depend on the presence of silica on the surface compatible with the silane coupling agent, as better results were obtained with these procedures than when the manufacturers' instructions only were followed. In ceramic-resin adhesion, silane functions as a coupling agent, which by adsorbing onto and altering the surface of the ceramic, facilitates chemical interaction. The silane coupling agent is rapidly hydrolyzed in the presence of an acidic monomer such as MDP. After being hydrolyzed, the silane coupling agent can react with hydroxyl groups on the surface silica and form siloxane bonds. SuperBond does not contain a functional acidic monomer such as MDP. In this case, polysiloxane formation with a strong molecular structure is promoted by the acidity of the substrate surface treated with a silane coupling agent. 22 Nevertheless, both adhesive cements benefi ted from preliminary surface conditioning by silica coating. This result suggests that the performance of the tested cements on zirconia can be improved by air-abrasion conditioning prior to silane application.
Air abrasion systems rely on air-particle abrasion with particles with sizes from 30 to 250 μm. 7 Chairside air abrasion is considered less aggressive with respect to the zirconia material itself and also with the restoration margins because a smaller particle size and lower pressure is used than when air abrasion is performed in the laboratory. 10 The abrasion process removes loose, contaminated layers, and the roughened surface allows some degree of mechanical interlocking with the adhesive. Air abrasion may also introduce physicochemical changes that affect surface energy and wettability. Cement-ceramic adhesion, however, is susceptible to chemical, thermal, and mechanical infl uences under intraoral conditions. One limitation of this study is that we did not conduct thermocycling, although the effect of thermocycling is controversial. 11, 23, 24 Some earlier studies reported high and stable bond strength to zirconia after airborne particle abrasion using Al 2 O 3 particles in combination with an MDP-based resin cement. 23, 24 It has been hypothesized that the chemical adhesion between aluminum oxides and silanes presents a higher potential for hydrolytic degradation than that between silicone oxide and silanes. 25 A recent study, however, reported inferior results with Panavia F-zirconia adhesion, with a dramatic decrease in performance after 12 000 thermocycles or long-term (300 days) water storage. 11 Although reactions may have occurred between hydroxyl groups in the MDP monomer and hydroxyl groups on the zirconia ceramic surface, the chemical bonds thus formed did not maintain their strength after thermocycling. Therefore, hydrolytic stability of these material combinations should be further investigated under different aging conditions. Nonetheless, this study provides important data regarding cementation-related early clinical failures with zirconia FPDs. [16] [17] [18] [19] There are also some recent developments in the fi eld of zirconate coupling agents. 25 Zirconate coupling agents might slightly bond with hydroxyl groups on a zirconia surface, but a signifi cant decrease in bond strength was observed after thermocycling, depending on the silane concentration. It is evident that silane coupling agents with better chemical affi nity to zirconium oxides that are at the same time hydrolytically more stable are needed. The phosphate ester group of MDP has been reported to bond directly to metal oxides such as chromium, nickel, aluminum, tin, titanium, and zirconium oxides. 23, 26 The fi ndings of the present study suggest that an MDP monomer may not bond chemically to zirconia without surface conditioning and silanization. Material selection and clinical recommendations on resin bonding are based on laboratory tests that show great variability in materials and methods. One of the most common testing methods is the shear bond test. However, in microtensile tests, stress distribution is reported to be more homogeneous. 27 Therefore, the results of this study should be verifi ed by microtensile testing, especially since practically no adhesion was achieved when Panavia was applied according to the manufacturer's instructions, with the zirconia air-abraded with alumina particles only. Instead, the polyethylene molds fi lled with this cement completely detached from the zirconia surface when the mold was removed. These results, recorded as a bond strength of 0 MPa, were a worst-case scenario. One can argue whether they should be interpreted as premature failure, but previous studies have recorded debondings experienced during cutting procedures for microtensile tests or during water storage or thermocycling as a bond strength of 0 MPa. [9] [10] [11] Unfortunately, there is no consensus in the literature on dental materials regarding this. In future studies, use of materials other than polyethylene for the molds should be considered as well. Nevertheless, probably there was no interaction between the mold and the Panavia F 2.0 cement because in the other groups, this problem was not experienced. The results clearly indicate that the interfacial strength in group 6 did not exceed even the frictional forces between the cement and the mold.
Conclusions
The results of this study suggest the following conclusions:
1. When silica coating and silanization were used, both SuperBond and Panavia F 2.0 cements demonstrated higher bond strengths than they did when the manufacturers' instructions were followed. 2. When the ceramic surfaces were silica coated, there was no signifi cant difference between MPS and MPS/4-META silanes with SuperBond cement, but with Panavia F 2.0, when MPS silane was used, bond strengths were signifi cantly higher than when MPS/4-META was used.
